Purpose of review Although the treatment of the acute respiratory distress syndrome (ARDS) with low tidal volume (LTV) mechanical ventilation improves mortality, it is not consistently administered in clinical practice. This review examines strategies to improve LTV and other evidence-based therapies for patients with ARDS.
INTRODUCTION
The acute respiratory distress syndrome (ARDS) is a critical illness syndrome with high mortality affecting 23% of patients who receive invasive mechanical ventilation [1 && ]. Although multiple evidence-based therapies can improve outcomes in ARDS, the most well established is the provision of low tidal volumes (LTVs) during invasive mechanical ventilation [2 && ]. Yet, a recent multinational study of 3022 ARDS patients published in 2016 suggests that ARDS is infrequently recognized in clinical practice and ARDS patients do not receive LTV despite its strong evidence basis [1 && ]. Other works have demonstrated that in ARDS patients who receive LTV, it is frequently delayed [3] . This review describes strategies to improve care for ARDS patients, with a key focus on the delivery of LTV. It discusses the relevance of these strategies to other ARDS therapies such as prone positioning, and highlights the use of team-based approaches, electronic health record (EHR) decision support, and behavioral economic principles to improve ARDS care.
HOW WELL HAS LOW TIDAL VOLUME VENTILATION BEEN ADOPTED IN CLINICAL PRACTICE FOR ACUTE RESPIRATORY DISTRESS SYNDROME PATIENTS?
LTV in patients with ARDS. The second, a multicenter ARDSnet investigation of 861 patients demonstrated an 8.8% absolute decrease in mortality when patients were randomized to tidal volumes of 6 versus 12 ml/kg ideal body weight (IBW). Based on this evidence, a recent multisociety clinical practice guideline confirmed the importance of LTV in managing ARDS patients and strongly recommended that ARDS patients receive mechanical ventilation with strategies that limit tidal volumes (4-8 ml/kg IBW) and inspiratory pressure (plateau pressure
In the 15 years since publication of the ARDSnet investigation, multiple studies have highlighted the persistently poor adherence to LTV in clinical practice. The first, published 2 years after ARDSnet, found that average tidal volumes declined from 11.2 to 10.1 ml/kg IBW in three teaching hospitals after study publication, well above the 6 ml/kg IBW trial target [6] . Subsequent studies have confirmed an ongoing poor adherence to LTV in clinical practice [7,8 & ,9-11] . The most recent and comprehensive, the LUNG-SAFE study, enrolled patients receiving mechanical ventilation in 459 ICUs from 50 countries [1 && ]. Although 3022 patients fulfilled ARDS Berlin criteria, clinicians recognized patients with ARDS only 34% of the time on the day that they fulfilled all ARDS clinical criteria and only 60% during the hospital stay. In addition, whereas the mean tidal volume of ARDS patients was 7.6 ml/kg IBW, 35% of patients with ARDS received tidal volumes more than 8 ml/kg IBW. This seminal study's main conclusion was that clinicians frequently fail to recognize patients with ARDS, and do not consistently administer LTV ventilation to these patients.
WHAT ARE THE BARRIERS AND FACILITATORS TO LOW TIDAL VOLUME ADMINISTRATION?
Low adherence to LTV mechanical ventilation prompted research to examine barriers and facilitators of LTV administration. Early work began by looking at providers. In a 2004 survey, nurses and respiratory therapists identified physician's unwillingness to relinquish ventilator control, physician under-recognition of ARDS, and physician's perceptions of contraindications to LTV as the major barriers to initiating this therapy [12] . Participants identified concerns regarding patient discomfort, tachypnea, and hypercapnia as barriers to continuing LTV ventilation. Techniques for overcoming these barriers included having specific ventilator protocol recommendations, clinician education, and tools to assess patient discomfort. A 2007 survey also identified knowledge deficits in the goals of LTV delivery and the relative contraindications as another major barrier to its delivery [13] . Evaluation of physician documentation found that uncertainty in an ARDS diagnosis and concerns regarding metabolic acidosis contributed to lower LTV adherence [14] . In the same study, physicians sometimes believed LTV was being administered on the basis of their clinical documentation, even though it was not actually getting administered, suggesting that poor communication, and coordination between multidisciplinary ICU teams could also be contributing.
Specific organizational factors are also associated with low LTV use. For example, the presence of a written protocol for the delivery of LTV ventilation was found to be associated with increased use of this therapy [15] . In addition, patients are more likely to receive LTV ventilation when their care was directed by an ICU team or when consultation from a boardcertified intensivist was mandatory [16] . Under-recognition of ARDS among providers is also frequently cited as reason for low LTV adherence across multiple studies [1 10, 17] . These insights on the barriers and facilitators of LTV delivery help to inform strategies to improve LTV adherence.
WHAT ARE EFFECTIVE STRATEGIES TO IMPROVE LOW TIDAL VOLUME VENTILATION ADHERENCE?
Multiple strategies have been shown to improve adherence to LTV ventilation (Table 1) . For
KEY POINTS
Despite the well established role of LTV during mechanical ventilation in ARDS patients, the therapy remains underutilized in clinical practice.
Strategies to improve LTV adherence generally target all patients receiving mechanical ventilation and include audit and feedback, provider education, protocol development, and team-based interventions.
Electronic health records are an effective platform for improving compliance with LTV ventilation when reminders are displayed during computer order entry or during respiratory data review.
When LTV ventilation is the default option, it makes providers more likely to administer this therapy without limiting their ability to choose an alternative.
Strategies to increase use of advanced therapies (e.g., prone positioning) for severe ARDS will need to also address the problem of poor ARDS recognition in clinical practice.
Translating evidence into practice in ARDS Sjoding pragmatic reasons, efforts to improve LTV ventilation generally target all mechanically ventilated patients, not just those with ARDS. This approach circumvents the well known problem of poor clinician recognition of ARDS [25, 26] . Evidence also suggests that LTV ventilation may be beneficial to all patients and does not cause harm [27] . The tradeoff in targeting all patients is that clinicians may have a higher tolerance for noncompliance. For example, if a practice audit demonstrated that 20% of patients in an ICU received more than 8 ml/kg IBW, this might be an acceptable level of noncompliance among providers. Knowing the specific level of LTV noncompliance in ARDS patients might still be useful, as tolerance for LTV noncompliance in ARDS patients should be lower. Yet by targeting all patients, the specific effect of these strategies on ARDS patients is usually unknown.
Audit, feedback, and educational interventions
Most interventions to improve the use of LTV ventilation begin with an educational activity coupled with audit and feedback to providers on current LTV adherence. In one of the first studies to demonstrate LTV improvement after intervention, Wolthuis et al. [18] audited current use of LTV ventilation in three ICUs, and then provided ICU physicians with education and feedback on their current use of LTV ventilation. The education consisted of discussing LTV studies, the need to calculate IBW to determine appropriate tidal volume, and possible reasons not to use LTVs. ICU nurses also participated at two of three centers. After the intervention, average tidal volumes significantly decreased from 9.7 to 8.0 ml/ kg IBW (P < 0.01). In the single center in which a follow-up evaluation was performed at 1 year, tidal volumes remained consistently lower.
Protocol development
An ICU protocol for LTV administration may also improve the consistency of tidal volume delivery and LTV adherence. Rolling out a new protocol at an individual ICU or organization can be effective when performed concurrently with an educational initiative. For example, Yilmaz et al. [19] reported large reductions in tidal volumes after performing a staged quality improvement intervention that included both provider education and new ventilator protocol. Tidal volumes significantly declined from a median of 10.6 to 8.7 ml/kg IBW (P < 0.01) after the educational initiative of didactic and web-based teaching to physicians, nurses, and respiratory therapists, and then declined significantly more to 7.7 ml/kg (P < 0.01) after institution of the respiratory therapy protocol. The protocol consisted of limiting tidal volumes to less than 10 ml/kg IBW for all patients, and recommended 6-8 ml/kg IBW for any patient felt to be at risk for ARDS. Despite evidence that LTV protocols improve compliance with this therapy, a recent survey of United States ICU nurse managers in Pennsylvania found that less than half had a specific LTV ventilation protocol [28 & ].
Team-based interventions
As ICU patients are managed by a multidisciplinary team of providers, physicians, nurses, and respiratory therapists, all of whom are involved in the delivery of LTV ventilation, team-based interventions can also improve LTV adherence. A large cluster randomized trial of Brazilian ICUs published in 2016 demonstrated the effectiveness of team-based interventions for multiple ICU processes of care [20 && ]. This intervention was performed in ICUs that had not previously performed multidisciplinary rounding, and included the institution of daily multidisciplinary rounds, the use of checklists to evaluate adherence to ICU processes of care, and daily goal setting among team members. In addition, a nurse prompted the team later in the day to ensure follow-through with checklist adherence. The intervention led to improvement in adherence to LTV ventilation from 58.9 to 67.5%, but was underpowered to detect whether this further translated into mortality benefits [29] .
Integrated decision support in electronic health records
Clinical decision support systems (CDS) in EHR systems can also improve LTV adherence, although the usability and acceptability of these tools to clinicians have not been carefully examined. Eslami et al. [21] developed a simple pop-up window that displayed patient-specific tidal volume recommendations at the time when the respiratory data page was viewed on patients receiving mechanical ventilation. After implementation, tidal volumes more than 6 ml/kg IBW decreased by 10% for patients receiving mechanical ventilation for more than 24 h (P ¼ 0.01). In a follow-up study, they found the pop-up window was less effective when it was only displayed on patients who were receiving high tidal volumes, and they also found that LTV adherence declined when the CDS was turned off [30] . Evaluating the effect of a CDS during computer order entry, Bagga et al. [22] developed a pop-up tidal volume recommender at the time of initiation or change of a ventilator order, which had to be clicked closed prior to order completion. After implementation, average initial tidal volumes declined significantly from 8.9 to 8.1 ml/kg IBW (P < 0.01), and the number of patients who were given initial tidal volumes more than 10 ml/kg IBW declined from 20 to 4% (P < 0.01).
A comprehensive EHR ARDS alert system notifying providers by text page if ARDS patients were receiving higher ventilator settings was evaluated by Herasevich et al. [23] . The system identified ARDS patients utilizing a previously validated algorithm that searched for patients with a PaO 2 /FiO 2 less than 300 and ('bilateral' AND 'infiltrates') OR 'edema' on a portable chest radiograph report [9] . Pulmonary fellows and respiratory therapists were alerted if ARDS patients received injurious tidal volumes for more than 1 h. To minimize alerts, the algorithm only alerted providers about a patient once every 24 h, and only during the patient's first 3 hospital days. After implementation, the quantity of time for which patients with ARDS were exposed to potentially injurious tidal volumes significantly decreased from 40 to 27 h (P < 0.01). In a poststudy usability survey of 40 respiratory therapists, 19% felt the algorithm sent false alarms which were 'common and annoying' and 19% felt the alert was not useful.
Behavioral economic strategies
As human behavior is often influenced by cognitive, social, and emotional factors, there is increasing interest in capitalizing on these behavioral patterns to nudge patient or physician decision-making, while still preserving choice [31] . In a 2016 study, investigators evaluated two behavioral economic strategies to improve compliance with LTV [24 && ]. In the first, ventilators were configured so tidal volumes would default to 6 ml/kg IBW at the start of invasive mechanical ventilation, unless manually overridden by a clinician. Because of the extra effort required to deliver higher settings, tidal volumes were significantly lower when the default was set to 6 ml/kg IBW. In the second, two electronic dashboards were mounted in the ICU displaying tidal volume settings for all ventilated patients. Patients receiving tidal volumes more than 8 ml/kg IBW were highlighted in red, providing an efficient visual cue to clinicians of the elevated settings. Introduction of the dashboard also significantly reduced tidal volumes during the study period.
DELIVERY OF ADVANCED ACUTE RESPIRATORY DISTRESS SYNDROME THERAPIES: HIGHER POSITIVE END EXPIRATORY PRESSURE, PRONE POSITIONING, NEUROMUSCULAR BLOCKADE
Although strategies to improve LTV adherence have targeted all patients, this approach would not be feasible or appropriate for other evidence-based ARDS therapies, given their inherent risks. A recently published multisociety guideline included a strong recommendation for prone positioning of more than 12 h/day in patients with severe ARDS, and a conditional recommendation for the use of a higher positive end expiratory pressure (PEEP) strategy in patients with moderate-to-severe ARDS [2 && ]. No recommendation was made for or against extracorporeal membrane oxygenation (ECMO), nor did the guideline address the use of neuromuscular blockade [32] , although another multicenter clinical trial is still ongoing [33] . Intervention studies to increase use of a high PEEP are limited, and it is not clear whether targeting all patients receiving invasive mechanical ventilation would be acceptable to physicians. The specific amount of PEEP recommended for each level of FiO 2 is not well defined in current guidelines, so operationalizing this recommendation is also difficult. Adopting the PEEP ladder from one of the high PEEP clinical trials is likely appropriate [34] [35] [36] , with additional caution that plateau pressures should be monitored and remain less than 30 cmHg [2
&&
]. It would not be acceptable to utilize prone positioning for more than 12 h in all patients to ensure its administration to patients with severe ARDS patients. Although this therapy has been shown to improve mortality in severe ARDS patients [37] , it also requires higher levels of sedation and is associated with increased risk of endotracheal obstruction, pressure sores, and requires an increased level ICU resources to safely administer, including multiple ICU staff members to turn patients. Any attempt to improve utilization of prone positioning will need to address the ongoing challenge of ARDS recognition. Similar approaches will be necessary if neuromuscular blockade or ECMO become more well established in ARDS. Here, automated systems to help clinicians synthesize electronic health data and alert clinicians to patients developing severe ARDS may be useful to ensure timely administration of therapies [11] .
CONCLUSION
Despite the well established role of LTV in the treatment of ARDS, recent evidence suggests it remains underutilized in clinical practice. Strategies to improve LTV include audit and feedback, provider education, protocol development, ICU teambased interventions, computer decision support, and default LTV ventilator settings. Most strategies generally target all patients receiving invasive mechanical ventilation, circumventing the problem of poor ARDS recognition. To more effectively administer advanced ARDS therapies, such as prone positioning, or to ensure high-level LTV compliance in ARDS patients, better approaches for ARDS recognition may also be required.
